verting enzyme 2 (ACE2) is a terminal carboxypeptidase and the receptor for the SARS and NL63 coronaviruses (CoV). Loss of ACE2 function is implicated in severe acute respiratory syndrome (SARS) pathogenesis, but little is known about ACE2 biogenesis and activity in the airways. We report that ACE2 is shed from human airway epithelia, a site of SARS-CoV infection. The regulation of ACE2 release was investigated in polarized human airway epithelia. Constitutive generation of soluble ACE2 was inhibited by DPC 333, implicating a disintegrin and metalloprotease 17 (ADAM17). Phorbol ester, ionomycin, endotoxin, and IL-1␤ and TNF␣ acutely induced ACE2 release, further supporting that ADAM17 and ADAM10 regulate ACE2 cleavage. Soluble ACE2 was enzymatically active and partially inhibited virus entry into target cells. We determined that the ACE2 cleavage site resides between amino acid 716 and the putative transmembrane domain starting at amino acid 741. To reveal structural determinants underlying ACE2 release, several mutant and chimeric ACE2 proteins were engineered. Neither the juxtamembrane stalk region, transmembrane domain, nor the cytosolic domain was needed for constitutive ACE2 release. Interestingly, a point mutation in the ACE2 ectodomain, L584A, markedly attenuated shedding. The resultant ACE2-L584A mutant trafficked to the cell membrane and facilitated SARS-CoV entry into target cells, suggesting that the ACE2 ectodomain regulates its release and that residue L584 might be part of a putative sheddase "recognition motif." Thus ACE2 must be cell associated to serve as a CoV receptor and soluble ACE2 might play a role in modifying inflammatory processes at the airway mucosal surface. a disintegrin and metalloprotease 17; severe acute respiratory syndrome; coronavirus SEVERE ACUTE RESPIRATORY SYNDROME (SARS) emerged as a regional and global health threat in 2002-2003 resulting in ϳ8,000 cases and 800 deaths. The causative agent was identified as a novel human coronavirus Refs. 8, 33, 51) . Studies (13, 47) of patients with SARS demonstrated that the respiratory tract is a major site of SARS-CoV infection and disease-associated morbidity. In 2003, angiotensin-converting enzyme 2 (ACE2) was discovered as a receptor for the virus (39). ACE2 is expressed in vascular endothelia, lung, renal and cardiovascular tissues, testes, and epithelia of the small intestine (9, 17, 18) . It is a terminal carboxypeptidase that cleaves a single residue from ANG II, generating ANG-(1-7) (10, 32, 60). In addition, ACE2 cleaves the terminal residues from several other bioactive peptides, including neurotensin, dynorphin A (1-13), apelin-13, and des-Arg bradykinin (9, 60). As a type I transmembrane protein, ACE2 is comprised of a short cytoplasmic domain, a transmembrane domain, and a large ectodomain (57). A region of the ACE2 ectodomain that includes the first ␣-helix and lysine 353 and proximal residues of the N-terminus of ␤-sheet 5 interacts with high affinity with the receptor-binding domain of the SARS-CoV S glycoprotein (40).
a disintegrin and metalloprotease 17; severe acute respiratory syndrome; coronavirus SEVERE ACUTE RESPIRATORY SYNDROME (SARS) emerged as a regional and global health threat in 2002-2003 resulting in ϳ8,000 cases and 800 deaths. The causative agent was identified as a novel human coronavirus (SARS-CoV; Refs. 8, 33, 51) . Studies (13, 47) of patients with SARS demonstrated that the respiratory tract is a major site of SARS-CoV infection and disease-associated morbidity. In 2003, angiotensin-converting enzyme 2 (ACE2) was discovered as a receptor for the virus (39) . ACE2 is expressed in vascular endothelia, lung, renal and cardiovascular tissues, testes, and epithelia of the small intestine (9, 17, 18) . It is a terminal carboxypeptidase that cleaves a single residue from ANG II, generating ANG-(1-7) (10, 32, 60) . In addition, ACE2 cleaves the terminal residues from several other bioactive peptides, including neurotensin, dynorphin A (1-13), apelin-13, and des-Arg bradykinin (9, 60) . As a type I transmembrane protein, ACE2 is comprised of a short cytoplasmic domain, a transmembrane domain, and a large ectodomain (57) . A region of the ACE2 ectodomain that includes the first ␣-helix and lysine 353 and proximal residues of the N-terminus of ␤-sheet 5 interacts with high affinity with the receptor-binding domain of the SARS-CoV S glycoprotein (40) .
Previous studies (30) indicate that the susceptibility of human airway epithelia to infection by SARS-CoV correlates with the state of cell differentiation and ACE2 expression and localization. ACE2 is predominantly expressed on the apical surface of well-differentiated airway epithelia, especially ciliated cells (30, 56) . Since a virus must attach to and enter cells before it can replicate, surface expression of ACE2 and the state of cell differentiation may directly influence SARS-CoV disease pathogenesis (30) . Loss of pulmonary ACE2 function has been hypothesized to play an independent role in the acute lung injury associated with acid aspiration, sepsis, and SARS. This hypothesis, which remains controversial, suggests that ACE2 has a protective role in settings of acute lung injury. Imai et al. (27) observed in murine ARDS models that loss of ACE2 expression resulted in enhanced vascular permeability, increased lung edema, neutrophil accumulation, and worsened lung function. More importantly, treatment with catalytically active recombinant ACE2 protein improved the symptoms of acute lung injury in wild-type mice, as well as in ACE2 knockout mice, suggesting ACE2 plays a protective role in acute lung injury settings (27) . Kuba et al. (34) further speculated that ACE2 and other components of the renin-angiotensin system may play a central role in controlling the severity of acute lung failure once a disease process, such as SARS, has started (34) . Additional data indicate that SARS-CoV S protein or SARS virus infection directly downregulates pulmonary ACE2 expression. Together these studies indicate that loss of ACE2 catalytic function perturbs the pulmonary renin-angiotensin system, enhancing inflammation and vascular permeability. In addition to loss of ACE2 cleavage of renin-angiotensin system components, the failure to inactivate other ACE2 targets such as bradykinin metabolites and other vasoactive peptides might also contribute to SARS lung disease.
The surface abundance of many type I and type II transmembrane proteins may decrease in response to disease states (23, 26) . The mechanisms for such reductions in cell surface abundance include decreased transcription and translation, in-creased protein internalization, and ectodomain shedding (20, 44) . Lambert et al. (36) reported that a disintegrin and metalloprotease 17 [ADAM17; also known as TNF␣ cleavage enzyme (TACE)] is responsible for ACE2 shedding in ACE2-transfected HEK293 cells and endogenously ACE2 expressing Huh7 cells. In contrast, Allinson et al. (1) demonstrated that the ADAM10 and ADAM17 sheddases do not cleave the related protein ACE from the surface of HEK293 cells. Ectodomain shedding is important in regulating protein expression and function, and changes from membrane bound to soluble forms may be required for protein function. For example, the soluble TNF␣ receptor can alleviate cell and tissue damage caused by binding of this proinflammatory cytokine to the membrane bound form of the receptor (14, 43, 45) . Furthermore, Gomez et al. (15) note that bacteria are physiological activators of TACE expression in human airway epithelia, initiating TACEdependent release of IL-6 receptor-␣ and providing a mechanism to regulate inflammatory signaling in airway epithelia.
Given the central role of ACE2 in the pathogenesis of SARS-CoV infection and the observation that ACE2 is shed, we sought to investigate the biology of ACE2 release from the surface of human airway epithelia. We found that ACE2 is constitutively released from the apical cell surface, that sACE2 retains its enzymatic activity, and that sACE2 release is acutely enhanced by specific stimuli. Through studies of a series of modified and chimeric ACE2 proteins, we show that the cell-associated form of the protein is required for SARS-CoV infection and that sACE2 has modest inhibitory effects on viral infection efficiency. We further show that sACE2 is generated by proteolytic cleavage of membrane-associated ACE2 within the ectodomain region near its predicted transmembrane sequence. Interestingly, sACE2 release was prevented by the introduction of a single amino acid substitution in the ACE2 extracellular domain (L584A), suggesting this residue may reside within a putative recognition motif for the ACE2 sheddase. Both wild-type ACE2 and the ACE2 L584A mutant supported productive infection with the SARS-CoV, indicating that the generation of sACE2 is not required for the protein to function as a coronavirus receptor.
MATERIALS AND METHODS

Reagents
Unless indicated otherwise, reagent grade chemicals were obtained from Sigma Chemical (St. Louis, MO).
Cell Culture
Polarized epithelial cell culture. Primary airway epithelia were isolated from human donor trachea or bronchi and grown at the air-liquid interface on collagen-coated polycarbonate filters as described previously (31) . All preparations used were well differentiated (Ͼ2 wk old; resistance Ͼ1,000 ⍀ ϫ cm 2 ). This study was approved by the Institutional Review Board at the University of Iowa. Calu-3 cells were first cultured in EMEM supplemented with 10% FCS, 1% NEAA, 1% sodium pyruvate, 1% L-glutamine, 1% penicillin and streptomycin, and 0.15% NaHCO 3. The cell cultures were maintained at 37°C in 5% CO2. When 100% confluent under submerged culture condition, the cells were transferred to collagen-coated polycarbonate filters as described previously (31) to generate polarized cells. The culture medium is the same as primary human airway epithelia (31) .
Cell lines. HEK293 cells and HeLa cells were obtained from ATCC. 17C-1 cells were a gift of Dr. Stanley Perlman (Department of Microbiology, University of Iowa). All cells were maintained at 37°C in 5% CO 2. Culture media were as follows: 293 cells: 10% FBS and 1% penicillin-streptomycin in DMEM; HeLa cells: 10% FBS, 1% penicillin-streptomycin, and 1% NEAA in MEM; and 17C-1 cells: 5% FCS, 5% tryptose phosphate broth, and 1% penicillin-streptomycin in DMEM.
Immunoblot analysis. Cells were lysed in 0.1% Triton X-100 in PBS, and total protein was determined using the BCA method (Pierce, Rockford, IL). Protein was separated by SDS-PAGE on precast 15% Tris ⅐ HCl gels (Bio-Rad, Hercules, CA) under reducing conditions and transferred to PVDF membranes. Goat anti-ACE2 primary polyclonal antibody (No. AF933; R&D Systems, Minneapolis, MN) and a HRPconjugated mouse anti-goat secondary antibody were used to detect ACE2. In some experiments, an antibody that recognizes the Cterminal domain of ACE2 was used (Cat. No. SC17720, goat anti-ACE2 C-terminus; Santa Cruz Biotechnology). A human CD4 antibody (MAB3791; R&D Systems) and goat-anti mouse IgG (HRP conjugated) secondary were used to detect the CD4 protein. The HuT78 cell (gift from J. Houtman, Department of Microbiology, University of Iowa) was used as positive control for CD4 protein.
Reactive proteins were visualized using SuperSignal chemiluminescent substrate (Pierce).
Indirect ACE2 ELISA. To generate a standard curve, recombinant human ACE2 (R&D Systems) was coated onto 96-well immunoplates (Nunc, Rochester, NY) at concentrations of 2 ng/ml and seven consecutive twofold dilutions. The experimental samples (1:10 dilution) were coated onto the remainder of wells on the same immunoplate, and the plate was incubated at 37°C for 2 h or at 4°C overnight. The wells were washed with PBS Tween solution three times, and the goat anti-ACE2 polyclonal antibody (1:100) was added to each well and incubated at 37°C for 1 h, followed by three PBS Tween washes. A secondary rabbit anti-goat-antibody (HRP conjugated, 1:1,000 dilution) was added to the wells for an additional 1 h incubation at 37°C. After three washes, substrate reagent (R&D Systems) was added to wells at room temperature for 20 min, followed by addition of 2 N H 2SO4 to stop the color reaction. Absorbance readings at 450 nM were made using a Biomax plate reader, and the ACE2 concentration was extrapolated from the standard curve.
Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was carried out in normal volunteers as described previously (42) . Briefly, lavage was performed with five 10-ml aliquots of warmed normal saline at two to three separate sites. The first aliquot for each site was discarded. Lavage fluid was filtered through gauze and then centrifuged at 228 g for 5 min. Supernatants were stored at Ϫ80°C until gel electrophoresis. BAL fluid collected in this way is estimated to contain ϳ1 ml of airway surface liquid for every 100 ml of recovered saline. For SDS-PAGE, equal volumes of this material (25 l) were loaded for each sample. BAL samples were obtained using protocols approved by the Institutional Review Board of the University of Iowa.
Catalytic activity of ACE2. ACE2 activity was determined in the cell washes collected by measuring the conversion of ANG II to ANG-(1-7) as previously described (55) . Radiolabeled 125 I-ANG II (2 ϫ 10 6 cpm) was added to the cell washes for 1-2 h at 37°C containing a mixture of peptidase inhibitors to prevent the metabolism of either ANG II or ANG-(1-7) by other peptidases. At 1 and 2 h, 200 l of the reaction vessel contents were mixed with 1% phosphoric acid to stop the reaction. The mixture was centrifuged (ϳ10,000 g, 1 min) and placed on ice until HPLC analysis. The radiolabeled products were separated by HPLC using a Waters NovaPak C18 narrow bore column (2 ϫ 150 mm) and an inline gamma ␥-detector to monitor the amount of radiolabel (55) as previously described. PMA (10 ng/ml) was added to the cells to stimulate sheddase activity and the release of ACE2 into the media. In some samples, the ACE2-specific inhibitor MLN was added to evaluate whether the conversion of ANG II to ANG-(1-7) was ACE2 dependent.
Inhibition and stimulation of ACE2 release. For ADAM17 and ADAM10 inhibition studies, either the ADAM17 inhibitor DPC 333 (52) , a gift from Bristol-Meyers Squibb) at 1.5 nM final concentration in Opti-MEM with or without PMA (10 ng/ml) or the ADAM10 inhibitor GI254023 (gift from Dr. Andreas Ludwig, Institute for Pharmacology and Toxicology, RWTH Aachen University, Aachen, Germany; Ref. 41 ) at 5 M final concentration in Opti-MEM with or without 2.5 M ionomycin was added to apical surface of the cells, and the apical liquid was collected after 3 h (for constitutive sACE2 release) and 1 h (for induced sACE2 release) for sACE2 ELISA assay. Before reagents were applied, cells were washed three times with PBS to remove accumulated sACE2. To induce sACE2 release airway epithelia were stimulated by applying the following reagents to the basal medium or to both cell surfaces: IL-1␤ (100 ng/ml), TNF␣ (100 ng/ml), PMA (10 ng/ml), ionomycin (2.5 M), and LOS:MD-2 complex (1 ng/ml apical application only; Ref. 28) . All reagents are diluted with Opti-MEM (Invitrogen) for apical application or diluted into culture medium for basolateral application. A total of 100 l of Opti-MEM with or without reagents was added to cells and at each stimulation time point. sACE2 was recovered from cells by rinses with Opti-MEM, and concentrations were determined by ELISA.
Preparation of SARS S protein-pseudotyped lentivirus and infection of cells.
The SARS-CoV S protein cDNA (Urbani strain, "S-H2" as described in Ref. 39 ) was used to pseudotype feline immunodeficiency virus (FIV) expressing a nuclear targeted ␤-galactosidase using previously described methods (61) . The virus was concentrated 250-fold by centrifugation and titered on HT1080 cells, obtaining titers of ϳ2 ϫ 10 5 -4 ϫ 10 6 transducing units/ml. Well-differentiated human airway epithelia were transduced with the pseudotyped FIV by applying 100 l of solution to the apical surface of cells. After a 1 h incubation at 37°C, the virus was removed and cells incubated at 37°C for 2 days. ␤-Galactosidase activity assays. The Galacto-light chemiluminescent reporter assay (Tropix, Bedford, MA) was used to quantify ␤-galactosidase activity following the manufacturer's protocol. Relative light units were quantified using a luminometer (Monolight 3010; Pharmingen, San Diego, CA). To control for the efficiency of transfection for each ACE2 construct, a pGL3 plasmid expressing luciferase under the control of the SV40 promoter (Promega, Madison, WI) was cotransfected with the ACE2 cDNA vectors. ␤-Galactosidase activity was then normalized to relative luciferase activity for each experimental condition.
Surface biotinylation. HEK293 cells cotransfected with plasmids expressing either wild-type ACE2, ACE2-L584A, and CAR receptor expressing vector were treated with 1 mg/ml N-hydroxysulfosuccinimidobiotin (Pierce) in PBS for 30 min at 25°C. The cells were washed and then incubated with 100 mM glycine in PBS for 20 min at 25°C to quench unreacted biotin. Total cell protein lysates were prepared by sonication in lysis buffer, and biotinylated proteins were precipitated using neutravidin covalently linked to immobilized diaminodipropylamine (Pierce). Biotinylated proteins were released in 8% SDS-containing loading buffer, boiled, and underwent immunoblot analysis for ACE2. P65 and CAR proteins were detected as control intracellular and membrane protein markers, respectively (59) using rabbit polyclonal anti-CAR antibody (a gift of J. Zabner, Department of Internal Medicine, University of Iowa) and an anti-P65 antibody (Santa Cruz).
Purification of sACE2 and identification of cleavage sites. sACE2 was collected from Calu-3 cell cultures by washing the apical surface with PBS. The pooled washes were quantified by the BCA method (Pierce) and deglycosylated using N-glycanase PNGase F following the manufacturer's instructions (Glyko, San Leandro, CA). Deglycosylated samples were divided into two aliquots and sACE2 was isolated by parallel two-dimensional electrophoresis using isoelectric focusing in the pH 3-10 range followed by SDS-PAGE in 4 -15% polyacrylamide gradient gels (Bio-Rad). One gel was transferred to a PVDF membrane and used for immunoblotting to identify the gel location of ACE2. The companion gel was stained with Coomassie blue, and the location of ACE2 was identified and cut from the gel. The sample then underwent in gel tryptic digestion and after extraction underwent fragment mapping using linear ion trap mass spectrometry (Thermo, Waltham, MA). Analysis of fragments was performed using the Mascot search engine (Matrix Science, Boston, MA).
Generation of Chimeric, Mutant, and Tagged ACE2 Proteins
Mutants. All primers used to generate mutants were designed using the Quick-change Program (Stratagene) to substitute targeted residues with alanine by PCR using the human ACE2 cDNA in the pcDNA3.1 vector as a template. To generate the cytoplasmic tail deletion construct, a stop codon was introduced at position amino acid 763 of ACE2 (termed "ACE2-⌬Cyto"; see Fig. 6A ). The ACE2 stalk region deletion was generated by two-step PCR reactions with ACE2 cDNA as template for first round PCR and with two PCR products from the first round amplification as templates for the second round PCR reaction (termed "ACE2-del681-740"; see Fig. 6A ). For first round PCR, one pair of primers consisted of the following: forward: 5Ј-AAGAAGGGTACCAT-GTCAAGCTCTTCCTGGCT-3Ј, and reverse: 5Ј-CCAAAAACAAT-CAGCCATATGGAGATTCTTGGTTTCAAAT-3Ј. A second pair of primers consisted of the following: forward: 5Ј-ATTTGAAACCAA-GAATCTCCATATGGCTGATTGTTTTTGG-3Ј, and reverse: 5Ј-AA-GAAGCGGCCGCCTAAAAGGAGGTCTGAACATCATCAGT-3Ј. The second round of PCR was conducted using the following PCR primers: forward: 5Ј-AAGAAGGGTACCATGTCAAGCTCTTCCT-GGCTCC-3Ј, and reverse: 5Ј-AAGAAGCGGCCGCCTAAAAG-GAGGTCTGAACATCATCAGT-3Ј. The PCR products were cloned into the pADV5 vector (2) with Kpn I and Not I restriction sites at either the 5Ј-or 3Ј-end.
Chimeras. All ACE2 chimeras were made using the two-step PCR strategy as described above. The chimeric proteins contained portions of human ACE2 and portions of human CD4 (ACE2-CD4/TM-Cyto, ACE2-CD4/Ecto1, and ACE2-CD4/Ecto2; see Fig. 6A ) or human ␤-defensin-2 (ACE2-SEC; see Fig. 4A ). Human ␤-defensin-2 or human CD4 cDNAs were used as templates to generate the respective relevant fragments by PCR.
Immunohistochemistry. 17C-1 cells grown on chamber slides were transfected with plasmid cDNAs expressing either wild-type ACE2 or the ACE2-L584A mutant using Lipofectamine 2000. Two days later, the cells were rinsed with PBS and wild-type SARS-CoV (Urbani strain) was applied to the cells under BSL3 containment conditions. One hour after SARS-CoV application, cells were washed twice with PBS and fixed with 100% methanol for 1 h at Ϫ20°C. Statistical analysis. Unless otherwise noted, all numerical data are presented as means Ϯ SE. Statistical analysis was performed using a two-tailed, unpaired Student's t-test using Microsoft Excel software.
RESULTS
ACE2 Release Occurs at Sites of SARS-CoV Infection In Vitro and In Vivo
We previously showed that ACE2 is expressed predominantly at the apical surface of human airway epithelia, facilitating SARS-CoV entry (29) . To determine whether ACE2 is also released from airway epithelia, we evaluated ACE2 shedding in well-differentiated primary cultures and the Calu-3 cell line. As shown in Fig. 1A , sACE2 was readily detected in apical washes of both cell types by immunoblot (lanes 1-6) . Two prominent immunoreactive bands were noted in primary epithelia (ϳ120 and 95 kDa, lanes [4] [5] [6] , suggestive of different glycoforms and/or sACE2 forms. We next asked whether ACE2 release occurs in the airways in vivo. Human BAL from normal subjects was similarly analyzed, and an immunoreactive band consistent with sACE2 was detected (Fig. 1A, lanes  7-9) . The results indicate that at sites of SARS-CoV infection in the human airways, ACE2 is expressed and released into airway surface liquid. When the sACE2 recovered from primary airway epithelia was deglycosylated with N-glycanase PNGase F, the bands of ϳ120 and 95 kDa were reduced to ϳ85 and 70 kDa (Fig. 1B) . For Calu-3 cells, the broad ϳ120-kDa band was reduced to ϳ85 kDa by PNGase F treatment. The estimated concentrations of sACE2 were determined by ELISA. Of note, under the same culture conditions and time intervals, much more sACE2 was generated and released by Calu-3 cells (63 Ϯ 18 pg/cell; n ϭ 3) than by primary epithelia (0.35 Ϯ 0.3 pg/cell; n ϭ 3). Cell-associated ACE2 was also higher in Calu-3 cells (21.8 Ϯ 13.5 pg/cell; n ϭ 3) than in primary epithelia (0.5 Ϯ 0.3 pg/cell; n ϭ 3).
sACE2 Is Enzymatically Active
To date, the known functions of ACE2 include terminal carboxypeptidase activity and its role as a receptor for the SARS and NL63 coronaviruses. Several peptides may be modified by ACE2 including ANG II, neurotensin, and desArg(9) bradykinin. Thus sACE2 may play a role in modifying peptides in airway surface liquid involved in processes such as [4] [5] [6] , and bronchoalveolar lavage (3 different donor samples; lanes 7, 8, and 9) . When loaded on SDS-PAGE gel for electrophoresis, Calu-3 cell washes were diluted 10-fold in PBS, and BAL samples were concentrated 10-fold. A, bottom: immunoblot for ACE2 using an antibody against a C-terminal protein epitope. Lane 10 is a positive control consisting of cell lysate from 293 cells transfected with ACE2 expression plasmid. B: sACE2 recovered from primary airway epithelia or Calu-3 cells was deglycosylated with N-glycanase PNGase F; bands of ϳ120 kD were reduced to ϳ85 kDa. C: chromatograms from sACE2 enzymatic activity assay. Surface washes from human airway epithelia (HAE) or Calu-3 cells converted ANG II to ANG-(1-7). Addition of the ACE2-specific antagonist MLN into the reaction markedly inhibited the conversion.
inflammation. We next asked whether enzymatic activity is preserved after ACE2 is released from the cell surface. Apical secretions from primary cultures of airway epithelia or Calu-3 cells were coincubated with ANG II to assess the conversion of ANG II to ANG-(1-7). As shown in Fig. 1C , the secretions from both cell types converted ANG II to ANG-(1-7) and the converting activity was diminished when the ACE2-specific inhibitor MLN was added, indicating ACE2-dependent conversion. Because Calu-3 cells produce sACE2 in greater abundance than primary epithelia, the ACE2-dependent ANG II conversion was greater in Calu-3 cell secretions than in samples from primary epithelia. These findings indicate that the enzymatic properties of ACE2 are retained after its release from the cell surface.
Effect of sACE2 on SARS-CoV Infection
Since the ectodomain of ACE2 is released from epithelia, it may serve as a soluble viral receptor (38) . To directly test the hypothesis that sACE2 inhibits SARS-CoV infection in airway epithelia, a series of modified ACE2 proteins were constructed ( Fig. 2A) . One, termed ACE2-SEC, contained the entire ACE2 ectodomain (residues 1-740) fused to the secretion signal peptide of the human ␤-defensin 2 gene. This construct allowed the ectodomain to be continuously released from cells (Fig. 2B) . A second construct, termed ACE2-⌬RBD, contained alanine substitution mutations at residues 31, 41, 82-84, 353, 355, and 357. These residues are critical components of the ACE2-RBD that interacts with the SARS-CoV S protein (38) . As shown in Fig. 2B , ACE2-⌬RBD was also released from cells. When SARS S protein pseudovirions were applied to HEK cells transfected with wild-type ACE2, the expected increase in ␤-galactosidase reporter gene expression was observed in contrast to ACE2 null cells (Fig. 2C) . As anticipated, HEK293 cells expressing ACE2-SEC or ACE2-⌬RBD supported little transduction by SARS S pseudovirions. When ACE2-SEC and ACE2-⌬RBD were cotransfected into HEK293 cells, the transduction efficiency of S protein pseudotyped virions failed to increase. More interestingly, cotransfecting ACE2-SEC with ACE2 in HEK cells significantly reduced the S protein pseudovirus transduction efficiency compared with HEK cells transfected with wild-type ACE2 (Fig. 2C) , consistent with sACE2 competition for S protein binding.
Regulation of ACE2 Release In Vitro
ADAM17 is implicated in the proteolytic cleavage of ACE2 in nonairway cell types (36) . We asked whether chemical inhibitors of this sheddase reduced the constitutive release of sACE2 from polarized primary human airway epithelia. As shown in Fig. 3A , the ADAM17 inhibitor DPC 333 significantly reduced constitutive sACE2 generation, while the ADAM10 inhibitor GI254023 did not. To further investigate the regulation of ACE2 release from human airway epithelia, cells were treated with either PMA or ionomycin and a time course of ACE2 release was performed. At time intervals of 10 min to 18 h, apical secretions were collected from epithelia and sACE2 abundance was determined by ELISA. As shown in Fig. 3B , PMA, a stimulant of ADAM17 activity (36) , increased ACE2 release at concentrations of 10 ng/ml in a time-dependent manner. sACE2 release peaked 30 min after stimulation and had decreased by 60 min after PMA treatment. sACE2 shedding remained stable between 180 min and 18 h after PMA stimulation. Ionomycin, an ADAM10 agonist (54), produced a similar increase in ACE2 release. The ionomycin-induced shedding peaked 30 min after stimulation and decreased by 60 min. Unlike PMA, ionomycin-induced sACE2 shedding gradually declined between 180 min and 18 h after stimulation. These data implicate both ADAM17 and ADAM10 in the release of ACE2 from airway epithelia. Also, as shown in Fig.  3B , the proinflammatory cytokines IL-1␤ and TNF␣ induced sACE2 release with maximum induction after 18 h of stimulation. Endotoxin complexed with the MD-2 protein (indicated as LOS:MD-2; Ref. 28 ), a TLR4 ligand, also moderately induced sACE2 release (Fig. 3B ). These results demonstrate that ACE2 release from epithelia is constitutive and inducible. We next asked whether PMA-or ionomycin-stimulated sACE2 release was inhibited by DPC 333 or GI254023, respectively.
As shown in Fig. 3C , after exposure to the indicated experimental conditions for 60 min, sACE2 was recovered from well-differentiated epithelial cells and the abundance was determined by ELISA. The findings demonstrate that PMAinduced ACE2 release is significantly blocked by the ADAM17 inhibitor, while ionomycin-stimulated ACE2 release was significantly decreased by the ADAM10 inhibitor.
Identification of sACE2 Cleavage Site
Determination of the site of ACE2 cleavage may provide insights into the sheddase responsible for protein release and allows a basis for comparison to the properties of the related protein ACE. To map the site of ACE2 cleavage by airway epithelia, apical washes from Calu-3 cells were deglycosylated and sACE2 was isolated and identified using two-dimensional gel electrophoresis. Samples then underwent tryptic digestion and linear ion trap mass spectrometry, followed by fragment analysis. The isolated fragment that was the most C-terminal and closest to the putative transmembrane domain contained ACE2 amino acids 711-716, with other fragments identified at more N-terminal locations. These results confirm that sACE2 contains the ectodomain and suggest the cleavage site is located between amino acids 716 and 741 (see Fig. 3D ). These results are similar and extend other studies (16, 36) that have examined ACE2 cleavage in nonairway tissues and cells.
Structural Determinants of ACE2 Shedding
We presume that for ACE2 to serve as a coronavirus receptor it must remain cell associated. While the shedding of ACE2 appears to occur at the protein's juxtamembrane domain, it is possible that other domains of the protein influence this process, either by recruiting specific proteases to the site(s) of cleavage or by directly enhancing or inhibiting the dynamics of release. To characterize the structural determinants of ACE2 release, we used several strategies. First, a stop codon was introduced at the C-terminal end of the predicted transmembrane domain, removing the intracellular domain (ACE2-⌬Cyto; Fig. 4A ). Expression of this construct in HEK cells was associated with abundant sACE2 release (Fig. 4B) , indicating that the ACE2 cytoplasmic domain is not required for sheddase activity. A second chimeric protein, termed ACE2-CD4/TMCyto (Fig. 4A) , contained the ACE2 ectodomain fused to the transmembrane and intracellular domains of the human CD4, a protein that is not cleaved by sheddases. As shown in Fig. 4B , expression of ACE2-CD4/TM-Cyto in HEK cells caused no reduction in ectodomain release, demonstrating that the ACE2 transmembrane and intracellular domains are not required for protein release. To further confirm this observation, another chimeric protein containing the entire ectodomain of human CD4 was fused with the transmembrane and intracellular domains of ACE2 (ACE2-CD4/Ecto1; Fig. 4A ). This construct exhibited no ectodomain shedding (Fig. 4C) , again suggesting that the transmembrane and intracellular domains are not required for human ACE2 ectodomain shedding.
The ACE2 juxtamembrane domain, or stalk region, presumably contains a sheddase cleavage site (Fig. 3D) . To determine whether the primary sequence of this region is an important determinant in ACE2 shedding, we next deleted the first 60 amino acid residues of the predicted ACE2 ectodomain from the extracellular side (residues 681-740). This construct, termed Fig. 3 . Induction of sACE2 release from air-liquid interface cultures of airway epithelia. A: a disintegrin and metalloprotease 17 (ADAM17) is responsible for constitutive ACE2 shedding in primary human airway epithelial cells. The ADAM17 inhibitor DPC 333 at 1.5 nM concentration inhibited about 50% ACE2 shedding in airway epithelia (P Ͻ 0.05, compared with control group; means Ϯ SE; n ϭ 3). The ADAM10 inhibitor GI254023 (5 M) did not significantly change constitutive ACE2 shedding. B: induction of sACE2 release from primary epithelia. Indicated stimuli were added to either the apical surface or both apical and basolateral sides of polarized cells and apical solution was collected at the indicated experimental time points for ACE2 ELISA assay. LOS:MD-2 is a TLR4 ligand. Data are means Ϯ SE from 3 human donor samples. *P Ͻ 0.05, compared with the control group by Student's t-test. C: ADAM17 inhibitor DPC 333 (1.5 nM) blocks PMAstimulated sACE2 release; the ADAM10 inhibitor GI254023 (5 M) blocks ionomycin (IM) stimulated sACE2 release. Primary epithelia were treated with indicated conditions for 60 min and sACE2 recovered from apical surface and abundance determined by ELISA. Data are means Ϯ SE from 6 human donor samples. *P Ͻ 0.05 and **P Ͻ 0.01, compared with the control group by Student's t-test. D: ACE2 cleavage site. Diagrammatic representation of protein sequence data. The identity of the C-terminal most peptide fragment indicates region where cleavage occurs.
ACE2-del681-740 (Fig. 4A) , also conferred ACE2 shedding (Fig. 4B) , suggesting that this juxtamembrane stalk region of ACE2 is not the major determinant of shedding. We constructed another chimeric protein, ACE2-CD4/Ecto2 (Fig. 4A) , comprised of the N-terminal nonsheddable human CD4 ectodomain fused to the stalk, transmembrane domain, and 120 amino acid residues of the ACE2 ectodomain. ACE2-CD4/ Ecto2 showed no shedding despite the inclusion of 120 AA of the ACE2 stalk region (Fig. 4C) , demonstrating again that the juxtamembrane domain of ACE2 is not a primary determinant of its ectodomain shedding. We assessed the relative release of sACE2 for the wild-type ACE2, ⌬Cyto, CD4/TM-Cyto, and Del681-740 by ELISA. When expressed as a percentage of total (% sACE2/total ACE2), the ratios were similar: wild-type ACE2 (32%), ⌬Cyto (48.5%), CD4/TM-Cyto (32%), and Del681-740 (21.5%) (n ϭ 3 for all conditions).
ACE2-L584A Mutant Attenuates Ectodomain Shedding
These data indicate that neither the cytoplasmic, transmembrane, nor juxtamembrane domains of ACE2 are determinants of constitutive shedding. The results further suggest that a site(s) or region(s) within the ACE2 ectodomain, at least 120 residues distal to the transmembrane domain, determines ACE2 release. The site(s) or region(s) might comprise a posited protease "recognition motif." Since ADAM17 is implicated as a major protease for constitutive and PMA-induced ACE2 shedding and ADAM17 tends to cleave proteins near lipophilic or basic amino acids (37), we hypothesized that the ADAM17 recognition motif in ACE2 shares similar characteristics. To test this hypothesis, we mutated basic and lipophilic residues within the ACE2 ectodomain residing within 120 amino acids distal to the predicted transmembrane domain. By substituting alanine for several residues within this region, we identified a single mutation (ACE2-L584A) that prevented ACE2 release (Fig. 5A) . Several additional point mutations near this site, including N580A, V581A, R582A, P583A, and V604A, had no effect on sACE2 release (data not shown). This result suggests an important role for L584 in the ACE2 ectodomain shedding process. The importance of this residue was further confirmed by introducing the L584A mutation into a second chimeric protein ACE2-CD4/TM-Cyto (termed ACE2-CD4/TMCyto/L584A; Fig. 5A ). The L584A mutation conferred loss of shedding to both proteins (Fig. 5B) . In contrast to wild-type ACE2, culture medium from ACE2-L584A-transfected cells lost ACE2 enzymatic activity and failed to convert ANG II to ANG-(1-7), providing further evidence that this mutant protein is not released from cells (Fig. 5C) .
To test the possibility that the ACE2-L584A mutation altered ACE2 trafficking to the cell surface, we cotransfected HEK cells with wild-type and ACE2-L584A mutant cDNAs followed by surface biotinylation and immunoprecipitation of surface proteins with streptavidin and immunoblotting for ACE2. As shown in Fig. 6 , ACE2-L584A and wild-type ACE2 colocalize in transfected cells. We conclude that the ACE2-L584A protein is displayed on the cell surface but not released by sheddase activity. We also asked whether ACE2-L584A retained the enzymatic activity of wild-type ACE2. Membrane preparations from HEK cells transfected with ACE2-L584A were used to detect ACE2 enzymatic activity. ANG II was added to the culture medium, and then the medium was (1-7) and PMA further enhanced the conversion efficiency. Right: culture medium from ACE2-L584A mutant shows no conversion of ANG II to ANG (1-7). PMA-stimulated ACE2-L584A transfected cell culture medium also showed no converting activity, consistent with an absence of shedding.
subjected to HPLC analysis as described in MATERIALS AND METHODS. We found thatACE2-L584A retained its enzymatic activity and converted ANG II to ANG-(1-7) (not shown).
Finally, we asked whether the nonshedding ACE2-L584A protein supported transduction of cells by SARS S protein pseudotyped FIV virions or wild-type SARS-CoV. As shown in Fig. 7A , cells expressing either the ACE2-L584A mutant or wild-type ACE2 were transduced by S protein pseudotyped FIV at similar efficiencies. In 17C-1 cells expressing either wild-type ACE2 or ACE2-L584A, we observed similar infection efficiencies as shown by immunostaining for the viral N protein (Fig. 7B) or by viral egress (Fig. 7C) . Thus the membrane-associated form of ACE2 serves as a SARS-CoV receptor in vitro, and shedding is not required for infection to occur.
DISCUSSION
The present studies are the first to show that ACE2 is released from human airway epithelial cells, an important initial site of infection in SARS. sACE2 retains its terminal carboxypeptidase activity in airway surface liquid, as well as its ability to bind the virus. The release of sACE2 from epithelia was both constitutive and inducible, regulated by sheddases and inflammatory stimuli. Through a series of experiments including the generation of a sheddase-resistant form of ACE2, we show that ACE2 must be cell attached to function as a SARS-CoV receptor.
While previous studies (9, 10) demonstrated soluble forms of ACE2 in human and murine tissues and fluids, no studies have directly examined the airways. It is likely that more than one sheddase generates sACE2 at the airway surface. Our findings with sheddase inhibitors and stimuli implicate both ADAM17 and ADAM10 in this process. Lambert et al. (36) concluded that ADAM17 is responsible for constitutive and PMA-induced ACE2 shedding from stably transfected HEK-ACE2 cells and endogenously expressing Huh7 cells. Furthermore, a recent report (35) showed that calmodulin inhibitors increase ACE2 shedding in HEK cells, suggesting that a calcium signaling pathway is involved in ACE2 release. PMA may also decrease the half-life of surface ADAM17, as ADAM17 was internalized in response to PMA stimulation (7) . This could explain our observation that PMA-induced ACE2 shedding was transient and declined 30 min after stimulation. Our finding that ionomycin rapidly induced ACE2 shedding in human airway epithelial cells suggests a role for intracellular calcium signaling. ADAM10 is involved in ionomycin-induced shedding of CX3CL1 and CXCL16 from leukocytes and EGFR-ligand shedding from fibroblasts (24, 25) . The rapid induction of ACE2 release by both PMA and ionomycin is consistent with enhanced sheddase activity rather than transcriptional regulation.
Endotoxin activates the shedding of receptors in several cell types (22, 48, 49, 62) , a property attributed to modulation of ADAM17 activity (22) . The increases in sACE2 after cytokine stimulation were not due to increased ACE2 mRNA transcription because quantitative PCR showed no ACE2 mRNA induction after IL-1␤ and TNF␣ stimulation (data not shown). Wyble et al. (64) reported that IL-1␤ and TNF␣ induce E-selectin shedding and participate in the later inflammatory response. Our observations that endotoxin and the proinflammatory cytokines IL-1␤ and TNF␣ all enhanced ACE2 shedding from airway epithelia led us to speculate that sACE2 generation may have host defense functions.
Ectodomain shedding influences the biological activity of several proteins. For example, shedding of heparin-binding EGF-like growth factor results in its activation, and the released fragment binds to EGF receptors and stimulates cell proliferation (19, 21) . In contrast, the membrane-bound forms of Kit ligand (12) and ephrins, the latter representing the ligands of Eph receptor tyrosine kinases, are fully functional, while soluble forms generated by ectodomain shedding have little or no biological activity (12) . Our studies of sACE2 released from airway epithelia revealed two activities for the protein. sACE2 from primary human airway epithelia and Calu-3 cells retained its enzymatic activity and converted ANG II to ANG-(1-7). This indicates that sACE2, like other structurally and functionally diverse proteins including adhesion molecules, cytokines, growth factors, and their receptors (11, 20, 50) , is released from epithelial cells and into airway surface liquid in a biologically active form. In addition to its soluble carboxypeptidase activity, sACE2 retains its coronavirus receptor properties.
Like ACE2, the human ACE protein also undergoes ectodomain shedding and the cleavage site was identified between Arg 1203 and Ser
1204
, 27 residues on the extracellular side of the transmembrane domain (63) . Sadhukhan et al. (53) reported that rabbit pulmonary and testis ACE undergoes ectodomain shedding at two sites, one major site is between Arg 663 and Ser 664 and a minor site is between Arg 673 and Val 674 , which are 27 and 17 residues away from the transmembrane domain, respectively. In the present study, we localized the region of ACE2 cleavage between amino acids 716 and 741, near the predicted transmembrane domain.
The structural determinants of proteins that are shed from cell surfaces are diverse. For example, the cytoplasmic domains of pro-TGF-␣ and the 80-kDa TNF␣ receptor are required for the shedding of these two molecules (3, 6) , whereas Kit ligand, IL-6 receptor, ␤-APP, and ACE are shed to the same extent as the wild-type molecules, even with the deletion of their cytoplasmic domains (5, 46, 53) . Our results indicate that ACE2 shares features of the second group of shed proteins and that its cytoplasmic domain is not critical for its constitutive ectodomain shedding. Even the complete substitution of the ACE2 transmembrane and cytoplasmic domains with that of the nonsheddable CD4 did not prevent ectodomain shedding. This observation is similar to results reported by Sadhukhan et al. (53) for ACE T . Recently, Haga et al. (16) reported that the cytosolic domain of human ACE2 is important for SARS S protein-induced ACE2 shedding. In that study, expression of an ACE2 cDNA truncated by deletion of the 32 most C-terminal amino acids resulted in diminished ACE2 shedding when expressed in VeroE6 cells under resting or SARS S protein pseudovirion stimulated conditions. In contrast, when we deleted the 44 most C-terminal amino acids from ACE2 and expressed the construct in HEK 293 cells, we observed no change in constitutive shedding, suggesting no involvement of the cytosolic domain in the regulation of the Fig. 8 . A: surface representation of ACE2 protein (pdb id 1R42) with the 2 catalytic subdomains in red (103-289, 398 -416, 431-615) and green (19 -102, 290 -397, 417-430 ) and the catalytic zinc (purple sphere). In yellow is the partial collectrin domain of ACE2 from the X-ray structure (pdb id 1R42) and in blue is the SARS CoV spike receptor-binding domain (from pdb id 2AJF) bound to ACE2. Loss of shedding by the L584A ACE2 mutant suggests that this residue and the hydrophobic core it is part of (shown in cyan) may be a putative sheddase recognition motif. This hydrophobic core is close to the hinge axis of the catalytic subdomains and its destabilization could affect catalysis by interfering with the hinge motion. This mutation is, however, far away from the SARS-CoV spike receptor-binding domain's binding site and unlikely to directly affect its binding. B: close-up view of the hydrophobic core (cyan) around L584 (orange).
basal release of sACE2. These disparate findings may reflect the cell types selected for protein expression or subtle differences in the ACE2 cDNAs expressed. Our ACE2 deletion mutant, ACE2-del681-740, with 60 residues removed from the proximal ectodomain, retained ectodomain shedding, indicating that for both ACE2 and ACE (53) ectodomain shedding is not determined by the residues around its juxtamembrane stalk region. This supposition is further supported by the finding that the chimeric protein ACE2-CD4/Ecto2, containing 120 residues of the ACE2 proximal ectodomain, failed to cause CD4 ectodomain release.
An important finding in current study is the identification of a single mutation, L584A, that prevented shedding of sACE2. Sheddase "recognition motifs" are speculated to reside in distal portions of the ectodomain of released proteins, and these elements are determined by the higher order structure of the shed protein. Therefore, they are not readily predicted from the primary protein sequence (4, 53) . The human ACE2 crystal structure revealed it contains 20 ␣-helical segments (58) . In the L584A mutant, a hydrophobic leucine was replaced by alanine at the end of 20 th helix (38) . The ACE2 structure models in Fig. 8 demonstrate the relationships between the site of the L584A mutation near the catalytic domain, the receptor binding domain, and the bound SARS S protein. We speculate that this mutation modifies the tertiary structure of ACE2 by interrupting interactions among neighboring hydrophobic residues (Fig. 8B) . Such a change in protein structure may interfere with sheddase interactions, thereby altering ectodomain cleavage. We show that the ACE2-L584A protein present at the cell surface retained its virus binding properties but was not shed, indicating that L584 plays a role in dictating ACE2 ectodomain shedding. Carboxypeptidase activity assays of cell-associated ACE2-L584A indicate that its activity is preserved. While the SARS-CoV S protein may require few ACE2 molecules resident on the cell surface to facilitate virus binding and entry, we observed no difference in susceptibility to SARS-CoV infection in cells expressing either wild-type ACE2 or ACE2-L584A.
In summary, the release of ACE2 from the apical surface of human airway epithelia into airway surface liquid is a dynamic, regulated process. While sACE2 retains enzymatic activity, its native substrates in the airways are yet to be identified. ACE2 must be cell associated to serve as a coronaviruses receptor, and we speculate that sACE2 might play a role in modifying inflammatory processes at the airway mucosal surface.
